In this research, the influence of reinforcement bars on concrete pore structure and compressive strength was experimentally investigated. Concrete samples with two mixture ratios and nine reinforcement ratios were provided. Tests were conducted on concrete pore structure and compressive strength at three ages (3 d, 7 d, and 28 d). It was found that reinforcement bars changed the concrete pore structure. In terms of size, the pore structure of concrete increased with the increase of reinforcement ratio. At the same age, concrete compressive strength in reinforced concrete specimens saw a gradual reduction when reinforcement ratio increased. A formula was proposed to calculate the compressive strength of concrete in reinforced specimens according to the strength of unreinforced concrete.
Introduction
Concrete is a cement-based material, whose strength is affected by pores and microcracks, especially under the action of thermal loads [1] [2] [3] [4] [5] . Extensive research was carried out to probe into the relationship between concrete pore structure and compressive strength. Li et al. [6] studied the connection between concrete strength and pore structure by introducing an influencing coefficient of pore size. Huang et al. [7] established an expression to calculate concrete compressive strength according to the relative specific surface area of pore structure. Lian et al. [8] investigated the association between concrete pore structure and compressive strength. Gao et al. [9] prepared defective specimens by adding air-entraining agents to concrete, and studied the influence of pore structure on concrete strength. It was generally found that concrete strength was higher for a denser pore structure [6] [7] [8] [9] [10] [11] [12] .
In engineering practices, concrete is often combined with reinforcement bars to form a reinforced concrete structure. The existing studies showed that there are interfacial transition zones (ITZ) in reinforced concrete structures between reinforcement bar and concrete. The porosity of concrete in ITZ area is higher than that in non ITZ area [13] , thereby leading to changes in a series of properties including concrete strength [14] [15] [16] , especially beneath the horizontal reinforcement and in some places where the reinforcement ratio is high and the concrete cannot be well vibrated. In these areas, the porosity of ITZ is further improved, which further degrades the property of concrete [15, 17, 18] . Meanwhile, when water is gradually consumed by cement hydration and dries in concrete, the capillary stress generated on concrete pores continuously decreases the spacing between concrete particles and causes the volume of concrete to decrease on a macro scale (this phenomenon is called shrinkage).
Because of the restraint effects of reinforcement bars, restraint stress is generated in the opposite direction of shrinkage inside concrete and decreases concrete shrinkage. Compared with plain concrete, reinforced concrete with a reinforcement ratio of 1 to 7% saw a drop of 30 to 80% in shrinkage after 28 d [19] [20] [21] [22] [23] [24] . The pore structure of concrete will be changed by the restraints in its deformation. Previous studies [24, 25] revealed that concrete with lateral restraints experienced a significant decline in the values of different pore structure parameters (porosity and average pore size) than that without lateral restraints. However, the effect of restricting the reduction of concrete volume (shrinkage for example) on concrete pore structure remains unknown.
Based on the previous findings about the connection between concrete strength and porosity and changes in concrete pore structure by restraints, it could be reasonably inferred that the pore structure of reinforced concrete would be greater than that of unreinforced concrete in the shrinkage process of concrete because of the restraint effect of reinforcement, which caused the strength of reinforced concrete to be lower than that of unreinforced concrete. However, this reference remains to be confirmed by research.
In the early phase of construction, it is necessary to carry loads by scaffolding because of low concrete strength. According to Chinese standards [26] , the removal of scaffolding during construction depends on concrete compressive strength. Scaffolding is allowed to be removed when the concrete compressive strength of general components and other important components reaches 75 and 100% of design strength respectively. Because of several limitations in engineering practices, the decision of whether concrete compressive strength meets requirements is made by testing concrete blocks that are not restrained by reinforcement bars [26] . Therefore, consideration is not given to the possible influence of reinforcement bars on concrete strength and pore structure. The existing evaluation methods of concrete strength at the construction site may increase the possibility of failure in building structure during construction if research suggested that reinforcement bars would change concrete pore structure and then reduce concrete compressive strength during the shrinkage of concrete.
This research experimentally investigated the influence of reinforcement bars on concrete pore structure and compressive strength. Concrete samples with two mixture ratios and nine reinforcement ratios (0-6.56%) were given. At different ages (3 d, 7 d, and 28 d), the mercury intrusion method was adopted to test the pore structure of concrete samples with two mixture ratios and a reinforcement ratio of 0%, 1.14%, 3.24%, and 6.56%. Moreover, the compressive strength of all types of samples was also tested. All specimens were well vibrated before testing. A comparison was made between concrete pore structure and compressive strength with different reinforcement ratios to study the changes in concrete pore structure and compressive strength after reinforcement.
Experiments

Materials
Two different concrete mixing ratios were applied in this study (Table 1) . Cement and fly ash were chosen as cementing materials, whose chemical and physical properties are shown in Table 2 . Quartz sand was used as fine aggregate, with a specific gravity of 2.8g/cm 3 , a fineness modulus of 3.0, and a particle size distribution of 0.2-4 mm. Crushed limestone was used as coarse aggregate with a specific gravity of 2.8 g/cm 3 and a particle size range of 5-20 mm. The superplasticizer used is polycarboxylate superplasticizer with a water-reducing rate of 30-35%. The information of reinforcement bars used in this study is shown in Table 3 . 
Specimens for Concrete Strength Tests
Produced by a Teflon mold, specimens whose dimension is 200 mm × 200 mm × 500 mm were adopted in the present study (as shown in Figure 1 ). The four sides of the mold were removed after initial concrete setting (in green in Figure 1 ), and its bottom was laid with two layers of 1-mm thick Teflon film (in yellow in Figure 1 ). With these measures, concrete specimens were only subject to reinforcement bars. 
Produced by a Teflon mold, specimens whose dimension is 200 mm × 200 mm × 500 mm were adopted in the present study (as shown in Figure 1 ). The four sides of the mold were removed after initial concrete setting (in green in Figure 1 ), and its bottom was laid with two layers of 1-mm thick Teflon film (in yellow in Figure 1 ). With these measures, concrete specimens were only subject to reinforcement bars. Eighteen kinds of concrete specimens that owned two mixture ratios and nine reinforcement ratios (ρ = 0%, 1.14%, 1.56%, 2.05%, 2.61%, 3.24%, 3.95%, 5.16%, and 6.56%) were used in the present investigation (Table 4 ). Reinforcement bars of different diameters were evenly put in four corners of concrete cross-section ( Figure 2 ). For each type, three specimens were prepared to test concrete compressive strength at three ages. All specimens were cured and tested in a constant environment (20 ± 2 °C, 65 ± 5% RH).
After 3 d, 7 d, and 28 d, three cylindrical samples whose diameter is 100 mm and height is 200 mm (height/diameter = 2) were drilled from each type of specimen to measure the concrete compressive strength (according to the JGJ/T384 standard [27] ) ( Figure 2 ). The test method of concrete strength was adopted according to Chinese national standard GB/T50081 [28] . 
No. Strength Reinforcement Ratio (%) Reinforcement Bars Diameter (mm)
1.14 12 Eighteen kinds of concrete specimens that owned two mixture ratios and nine reinforcement ratios ( = 0%, 1.14%, 1.56%, 2.05%, 2.61%, 3.24%, 3.95%, 5.16%, and 6.56%) were used in the present investigation (Table 4 ). Reinforcement bars of different diameters were evenly put in four corners of concrete cross-section ( Figure 2 ). For each type, three specimens were prepared to test concrete compressive strength at three ages. All specimens were cured and tested in a constant environment (20 ± 2 • C, 65 ± 5% RH).
Test Specimens for Concrete Pore Structure
Concrete pore structure with a reinforcement ratio of 0%, 1.14%, 3.24%, and 6.56% (C30-R0, C30-R1, C30-R5, C30-R8 and C60-R0, C60-R1, C60-R5, C60-R8) was tested. The remaining specimens after drilling were used as the samples for concrete porosity tests. The concrete samples were first crushed and then filtered by a sieve to collect concrete particles with a size of 2.5-5 mm. Acetone was applied to prevent concrete hydration, and a vacuum dryer was used to dry the samples. At last, concrete pore structure was tested by an automatic mercury porosimeter that has an aperture measurement range of 0.003-1000 μm, low-pressure analysis pressure range of 0-345 kPa, high-pressure analysis pressure range of 101.325-414000 kPa, and a resolution ratio of 69 Pa. Table 5 presents the pore structure parameters of concrete specimens with a reinforcement ratio of 0%, 1.14%, 3.24%, and 6.56% at different ages, and shows that the size of concrete pore structure gradually declined with curing age under the same mixing and reinforcement ratios. For instance, the average and median pore diameters, critical diameter, and porosity of C30-R0 concrete after 3 d were 26.48 nm, 83.65 nm, 82.73 nm, and 24.31% respectively, which are 8.97 nm, 57.09 nm, 57.1 nm, and 6.66% higher than those after 28 d respectively. Moreover, the proportion of pores whose diameter is below 50 nm at 28 d was noticeably higher than that at 3 d in C30-R0 concrete. Similar patterns were also found in other specimens. The size of concrete pore structure gradually decreased 
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Test Specimens for Concrete Pore Structure
Concrete pore structure with a reinforcement ratio of 0%, 1.14%, 3.24%, and 6.56% (C30-R0, C30-R1, C30-R5, C30-R8 and C60-R0, C60-R1, C60-R5, C60-R8) was tested. The remaining specimens after drilling were used as the samples for concrete porosity tests. The concrete samples were first crushed and then filtered by a sieve to collect concrete particles with a size of 2.5-5 mm. Acetone was applied to prevent concrete hydration, and a vacuum dryer was used to dry the samples. At last, concrete pore structure was tested by an automatic mercury porosimeter that has an aperture measurement range of 0.003-1000 µm, low-pressure analysis pressure range of 0-345 kPa, high-pressure analysis pressure range of 101.325-414000 kPa, and a resolution ratio of 69 Pa. Table 5 presents the pore structure parameters of concrete specimens with a reinforcement ratio of 0%, 1.14%, 3.24%, and 6.56% at different ages, and shows that the size of concrete pore structure gradually declined with curing age under the same mixing and reinforcement ratios. For instance, the average and median pore diameters, critical diameter, and porosity of C30-R0 concrete after 3 d Materials 2020, 13, 658 5 of 12 were 26.48 nm, 83.65 nm, 82.73 nm, and 24.31% respectively, which are 8.97 nm, 57.09 nm, 57.1 nm, and 6.66% higher than those after 28 d respectively. Moreover, the proportion of pores whose diameter is below 50 nm at 28 d was noticeably higher than that at 3 d in C30-R0 concrete. Similar patterns were also found in other specimens. The size of concrete pore structure gradually decreased with curing age for two main reasons, namely the filling of pores by hydrated products and the decline of the size between a variety of pore walls and microcracks in concrete because of capillary stress [29] [30] [31] [32] .
Experimental Results and Discussion
Change of Pore Structure
It was also observed that the placement of reinforcement bars led to a significant change in concrete pore structure whose size saw a great increase when reinforcement ratio increased. For example, the critical diameter of C60-R8 concrete with a reinforcement ratio of 6.56% was 44.30 nm at 28 d, which is higher than those of C60-R5 ( = 3.24%), C60-R1 ( = 1.14%), and C60-R0 ( = 0%) specimens (36.85 nm, 27.33 nm, and 20.11 nm respectively). Similar trends were also observed in C30 concrete specimens, other ages, and pore structure parameters. Figure 3 displays the connection between the reinforcement ratio of concrete and different parameters of pore structure (average and median pore diameters, critical diameter as well as porosity). Notably, the size of concrete pore structure had a linear relationship with reinforcement ratio. Therefore, the change of concrete pore structure caused by reinforcement bars could be expressed by the following equation:
where S ρ is the parameter of concrete pore structure corresponding to the reinforcement ratio ρ; S 0 represents the parameter of concrete pore structure corresponding to the reinforcement ratio of 0%; n is the increase in the parameters of pore structure for each unit of increase in reinforcement ratio.
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where E c and E s are the elastic moduli of concrete and reinforcement bars respectively; ε sh represents the free shrinkage of concrete.
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where Ec and Es are the elastic moduli of concrete and reinforcement bars respectively; εsh represents the free shrinkage of concrete. From Equation (2), it can be seen that restraint stress saw an increase when reinforcement ratio increased, thereby reducing concrete pore structure because of capillary stress. Therefore, the experimental results indicated that the pore structure of concrete increased when reinforcement ratio increased. Table 7 presents concrete compressive strength at different ages. It was noticeable that the compressive strength of concrete increased with curing age for each specimen. In each group, concrete compressive strength after 3 d reached 56 to 65% of that after 28 d, whereas concrete compressive strength after 7 d reached 79 to 91% of that after 28 d. Obviously, concrete strength was characterized by a rapid increase in the early age (3-7 d) followed by a gradual decrease in growth rate.
Concrete Compressive Strength
However, compressive strength gradually decreased when reinforcement ratio increase in specimens, which are the same in strength but different in reinforcement ratio. For specimens with the same strength grade, the highest compressive strength was always obtained in specimens whose reinforcement ratio is 0%. For example, the compressive strength of C30-R8 (ρ = 6.56%) at 28 d was 24.6 MPa, which is lower than that of C30-R7 (ρ = 5.16%), C30-R6 (ρ = 3.95%), C30-R5 (ρ = 3.24%), C30-R4 (ρ = 2.61%), C30-R3 (ρ = 2.05%), C30-R2 (ρ = 1.56%), C30-R1 (ρ = 1.14%), and C30-R0 (ρ = 0%) ( From Equation (2), it can be seen that restraint stress saw an increase when reinforcement ratio increased, thereby reducing concrete pore structure because of capillary stress. Therefore, the experimental results indicated that the pore structure of concrete increased when reinforcement ratio increased. Table 7 presents concrete compressive strength at different ages. It was noticeable that the compressive strength of concrete increased with curing age for each specimen. In each group, concrete compressive strength after 3 d reached 56 to 65% of that after 28 d, whereas concrete compressive strength after 7 d reached 79 to 91% of that after 28 d. Obviously, concrete strength was characterized by a rapid increase in the early age (3-7 d) followed by a gradual decrease in growth rate. However, compressive strength gradually decreased when reinforcement ratio increase in specimens, which are the same in strength but different in reinforcement ratio. For specimens with the same strength grade, the highest compressive strength was always obtained in specimens whose reinforcement ratio is 0%. For example, the compressive strength of C30-R8 ( = 6.56%) at 28 d was 24.6 MPa, which is lower than that of C30-R7 ( = 5.16%), C30-R6 ( = 3.95%), C30-R5 ( = 3.24%), C30-R4 ( = 2.61%), C30-R3 ( = 2.05%), C30-R2 ( = 1.56%), C30-R1 ( = 1.14%), and C30-R0 ( = 0%) (25.2, 26.6, 27.5, 28.4, 30.3, 31 .5, 33.2, and 34.5 MPa respectively). Figure 5 presents the connection between the strength and pore parameters of specimens with a reinforcement ratio of 0%, 1.14%, 3.24%, and 6.56%. For concrete specimens of the same strength grade, concrete compressive strength decreased in the whole when pore structure parameters increased, which was consistent with the conclusion that concrete with denser pore structure would have higher strength. In restrained specimens, the existence of constrained tensile stress reduced the effect of capillary pore stress on pore structure, which caused the pore structure of restrained specimens to be larger than that of plain concrete specimens. In restrained specimens, restraint effect would be stronger and concrete pore structure would be larger when reinforcement ratio was higher. Therefore, it was observed that concrete strength decreased when reinforcement ratio increased in tests.
The relationship between concrete compressive strength and pore structure (mainly porosity) could be described ideally in a linear, exponential, or polynomial form [10] [11] [12] . In Figure 5d , the relationship between concrete porosity and compressive strength is fitted by a linear function, which shows that the linear fitting effect of concrete with the same strength grade is better, but the strength of concrete with different strength grades varied greatly when porosity was similar. For instance, the compressive strength of C30 specimen was 27.5 MPa when its porosity was 21.4%, while the compressive strength of C60 specimen was 40.3 MPa when its porosity was 21.88%, which was 12.8 MPa higher than that of C30. Similar phenomena were also found in studies by Li [33] and Gao [34] . Figure 6 shows the comparison of pore size distribution between C30 and C60 at 3 d, 7 d, and 28 d, which demonstrated significant differences in their pore size distribution. At each age, the pore diameters of C30 and C60 were mainly distributed between 50-100 nm and 10-50 nm respectively. The porosity of concrete reflected the content of all pores, and different pore size distribution might also lead to the same or similar porosity [33, 34] . Meanwhile, previous studies suggested that the compressive strength of concrete would be higher when a small-aperture pore in concrete took up a larger proportion, which thus led to the difference in the strength of C30 and C60 when porosity was similar in tests.
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Relationship between the Compressive Strength and Reinforcement Ratio of Concrete
This study showed that reinforcement bars would reduce the decline of concrete pore structure caused by capillary stress, thereby causing reinforced specimens to be inferior to unreinforced ones in compressive strength. Concrete compressive strength gradually decreased when reinforcement ratio increased. In engineering practices, the risk of accidents may be increased if the removal of scaffolding is determined by the compressive strength of unreinforced concrete. 
This study showed that reinforcement bars would reduce the decline of concrete pore structure caused by capillary stress, thereby causing reinforced specimens to be inferior to unreinforced ones in compressive strength. Concrete compressive strength gradually decreased when reinforcement ratio increased. In engineering practices, the risk of accidents may be increased if the removal of scaffolding is determined by the compressive strength of unreinforced concrete.
It is difficult to directly test the pore structure parameters of concrete at the construction site. Therefore, the connection between the reinforcement ratio and compressive strength of concrete is established in Equation (3), which can be used to evaluate the strength of reinforced concrete according to the known strength of unreinforced concrete.
where f cρ and f c0 are the compressive strength of concrete with a reinforcement ratio of ρ and 0% respectively; b refers to a calculation parameter and is equal to 5.1 in this study. Figure 7 shows concrete compressive strength predicted by using Equation (3) under the condition of different reinforcement ratios. At 3 d, 7 d, and 28 d, the average prediction errors of C30 were 4.73%, 3.26%, and 3.75% respectively and the maximum error was 9.37%, while the average prediction errors of C60 were 3.35%, 7.96%, and 6.74% respectively and the maximum error was 16.17%. As shown in Figure 6 , the predicted results well agreed with the actual test values. It should be noted that the parameter b may also be affected by other conditions, such as the additives used in concrete, the age of concrete, and the external environment. In the future, it will be necessary to carry out further experiments to discuss this issue. 
Conclusion
The present study experimentally investigated the effects of reinforcement bars on concrete pore structure and compressive strength that were tested at three ages in the case of various reinforcement ratios. The main observations are presented below:
(1) The size of concrete pore structure gradually decreased during cement hydration because of the filling of hydrated products and capillary stress. The proportion of pores whose diameter ranges from 0 to 50 nm increased, whereas that of pores whose diameter is above 50 nm declined noticeably. (2) The size of concrete pore structure gradually increased when reinforcement ratio increased. A linear relationship was found between pore structure parameters (average and media pore diameters, critical diameter and porosity) and reinforcement ratio. (3) At the same age, the compressive strength of reinforced concrete specimens was inferior to that of unreinforced ones and gradually declined with the increasing reinforcement ratio. (4) In engineering practices, the risk of accidents may be increased if the removal of scaffolding is determined by the compressive strength of unreinforced concrete. A formula was proposed in the present study to forecast the strength of reinforced concrete using unreinforced concrete strength and reinforcement ratio. The predicted results well agreed with the measured ones. 
Conclusions
(1) The size of concrete pore structure gradually decreased during cement hydration because of the filling of hydrated products and capillary stress. The proportion of pores whose diameter ranges from 0 to 50 nm increased, whereas that of pores whose diameter is above 50 nm declined noticeably. (2) The size of concrete pore structure gradually increased when reinforcement ratio increased.
A linear relationship was found between pore structure parameters (average and media pore diameters, critical diameter and porosity) and reinforcement ratio.
(3) At the same age, the compressive strength of reinforced concrete specimens was inferior to that of unreinforced ones and gradually declined with the increasing reinforcement ratio. (4) In engineering practices, the risk of accidents may be increased if the removal of scaffolding is determined by the compressive strength of unreinforced concrete. A formula was proposed in the present study to forecast the strength of reinforced concrete using unreinforced concrete strength and reinforcement ratio. The predicted results well agreed with the measured ones. 
